Abstract. An investigation of time dependent snow accumulation and erosion dynamics in a wind-swept environment was undertaken at two automatic weather stations sites on the Ross Ice Shelf between January 1994 and November 1995 using newly developed instrumentation employing a technique which automatically disperses inert, colored (high albedo) glass microspheres onto the snow surface at fixed intervals throughout the year. The microspheres act as a time marker and tracer to allow the accumulation rate and wind erosion processes to be quantified with a high temporal resolution. Snow core and snow pit sampling was conducted twice during the study period to identify microsphere horizons in the annual snow accumulation profile, allowing the snow accumulation/erosion events to be reconstructed 
Introduction
Polar ice sheets are an important component of the global climate system; however, their remote and harsh environment confound and limit experimental attempts to understand their dynamics and interactions with the atmosphere and oceans. Polar ice sheets contain approximately 2% of the Earth's water and therefore negative changes in ice sheet mass balance can potentially have serious implications due to a rise in global sea level, although it is still an open question whether polar ice sheets grow or decay under a warming climate scenario [Jacobs, 1992] . Polar ice sheets are also valuable archives of direct and indirect evidence of millennial-scale climatic events and past atmospheric composition of trace gases and aerosols. Proper interpretation of this evidence requires a thorough knowledge of the dynamical processes which govern ice sheet growth. Processes which control local ice sheet changes can be categorized in terms of source and loss parameters. Source parameters include episodic snowfall events associated with synoptic scale features such as cyclones and fronts [Bromwich, 1988] and hoar frost deposition. Loss parameters include sublimation [Fujii and Kusunoki, 1982] and snow erosion caused by drifting or blowing snow; however, snow grains removed by erosion may be replaced by snow which has eroded from upwind locations. The process of snow erosion is Copyright 1997 by the American Geophysical Union.
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0148-0227/97/97JD-02337509.00 complex and has been examined experimentally by Budd et al. [ 1966] , Kobayashi [ 1978] , Wendlet [1989] , and Maeno et ai.
[1995] using innovative experimental techniques to examine various characteristics such as mass flux and snow grain size as a function of height and wind speed. Naturally, these processes can only occur when the wind speed exceeds some threshold speed for snow grain movement (saltation), which usually depends on the condition of the snow surface. Agehardened snow has a much higher threshold saltation speed than recently deposited snow. Bromwich [1988] for blowing snow, source and loss parameters are interrelated in that layers of accumulated snow are generally a mixture of snow produced by individual storms and from previous storms which has been eroded and transported from upwind locations [Bromwich, 1988] . This investigation was conducted to obtain greater quantitative insight into the time dependent processes of ice sheet snow accumulation in windswept areas. Experiments were carried out at two locations on the Ross Ice Shelf using a new automated system to disperse colored glass microspheres onto the snow surface at preset time intervals to act as a tracer. These sites are Willie Field automatic weather station (AWS) At Willie Field only, a Campbell Scientific ultrasonic snow depth gauge and CRI0 data logger with a data storage module supplements the AWS data, providing hourly measurements of distance to the snow surface with an accuracy of +10 mm. These data were retrieved once per year. For most days, more than 90% of these hourly measurements are valid. Occasionally, erroneous data were recorded for several consecutive days which was most likely due to ice crystal buildup (hoar frost) on the sensor housing. In 1994, data were missing from 23% of the days with the longest consecutive period being 30 days, and 22% of the days in 1995 were missing with the longest consecutive period being 20 days. Figures 2a and 2b give the daily average snow depth gauge derived accumulation during the study period at Willie Field. These data show both large positive and negative accumulations on short timescales with a substantial longterm positive accumulation. Positive changes are associated with precipitation, wind blown transport of snow into the target area, and/or the formation of a surface feature on the target area. Negative changes can result from wind erosion, sublimation, gravitational forces which compact the snow, and metamorphic processes of the snow crystals [Colbeck, 1983] . To allow dating of snow accumulation horizons and to assess the role of wind on accumulation dynamics at the two AWS sites, colored glass microspheres (with a high albedo) were dispersed onto the snow surface periodically throughout the study period as time markers within the growing ice sheet, and as a tracer to quantify snow grain mixing and transport processes. A similar idea was used in earlier studies of windblown sand surfaces by Hunter [1977] who periodically sprinkled a small amount of dark magnetite grains on a blowing sand surface to record the internal structure of the sediment bed to successive deposition of sand grains. Automated dispersal of the 120 I. tm diameter glass microspheres (density = 2.5 g cm ø3) was accomplished by instrumentation referred to as the microsphere dispersal system (MDS) [Braaten, 1994 [Braaten, , 1995 Performance of MDS during the first field period was evaluated based on a forensic examination of system components, volume of microspheres remaining in the aerosol generator units and a snow core site survey. For the second field period, pressure transmitters were added to the pneumatic system and system pressure recorded hourly by Campbell Scientific CR10 data loggers. Ambient temperature of the pneumatic system was also recorded by the CR10 once per day. Pneumatic system pressure provides a log of microsphere dispersal activations by confirming an activation occurred or indicating a system failure and allows an accurate estimate of the volume of microspheres dispersed to be made based on the magnitude of the system pressure change. For each confirmed activation, the AWS at each site provided wind speed and wind direction measurements within a few minutes of each MDS activation, allowing an accurate estimation of where the microspheres were deposited. were attributed to the gas pressure regulators of the pneumatic system; however, the MDS pneumatic system is designed using two gas pressure regulators such that if one malfunctions, microsphere dispersals will continue at 28 day intervals instead of the normal 14 day intervals. Pressure regulation failures were manifest as either reduced pressure downstream resulting in a large reduction in gas flow rate during activation or high pressure downstream locking the solenoid valves in the closed position. These problems were found to occur when pneumatic system ambient temperatures reached approximately -30 ø C despite a minimum operating temperature rating of-40 ø C for these regulators. This problem was discovered at the end of the first field survey in January 1995, but due to the tight field schedule, we were only able to rebuild and test these regulators before deploying them for the second field survey. As can be seen in Figure 4 , the second field survey had about the same failure rate as the first.
On-Site Snow Sampling
Reconstruction of the time dependent snow accumulation processes occurring during each survey period is based on observed vertical and horizontal spatial distribution of the colored glass microspheres, the dates of successful microsphere dispersals, and on-site meteorological data. The initial deposition location of microspheres from each activation is initially estimated using the AWS wind speed and direction observations at the time of activation ( Figure 3 ) and a known microsphere distribution under calm conditions [Braaten, 1995] . At the conclusion of each field survey period, snow core sampling and snow pit sampling is examining the filter media with a low-power dissecting microscope, noting the number and color of microspheres present, if any. Using these procedures, it is routine to identify a single microsphere in any given snow sample.
Snow Cores
Snow cores 0.8 m in length and 0.0045 m 2 in crosssectional area were taken from the study sites with a Sipre auger. These samples provide an overview of the on-site microsphere spatial distribution integrated over the entire accumulation period and are compared to an expected distribution obtained using wind speed and wind direction data from the time of dispersal to identify possible wind erosion events. Figure 3 shows the locations of these site survey snow cores obtained during the study period. Microspheres were found in 71% of these snow cores, and Table l summarizes the cores collected at each site during each survey period and the microspheres identified. Also shown in parentheses are the number of confirmed activations for each color. In general, with fewer activations of a given color, a smaller number of survey cores contained microspheres with that color. This is consistent with expectations since the microsphere deposition area of each aerosol generator is typically less than 10 m 2 [Braaten, 1995] and the snow core surveys cover an area which varies between 150 and 400 m 2. For two periods with the same or nearly the same number of activations (Willie Field, period 2, pink and orange, and Ferrell, period l, pink and orange), large differences in microsphere spatial distribution were found. To explain these differences, wind characteristics during microsphere activations were examined. In the first case, five dispersals each of pink and orange microspheres at Willie Field during survey period 2 resulted in a large fraction of cores with pink microspheres, but a small fraction of cores with orange microspheres (Table l) .
During the pink microsphere dispersals, wind direction varied by 126 ø , whereas wind direction during orange microsphere dispersals were all within a surprisingly narrow -24 ø sector which explains why these microspheres were found in such a small fraction of the survey cores. In the second case, seven dispersals of pink and six dispersals of orange microspheres at Ferrell during period 1 resulted in a similar discrepancy; however, this time, wind directions were very similar during dispersals of both pink and orange microspheres. A possible cause of this discrepancy is the occurrence of wind erosion soon after dispersal of the orange microspheres. To test this hypothesis, average wind speeds were calculated for 24, 48, 72, 96, and 120 hour periods after each confirmed microsphere dispersal, and these results were grouped by microsphere horizons positively identified by snow pit sampling and those which were not. The green and yellow microsphere dispersal events (two each) were excluded from the analysis because these microsphere colors were identified in snow core analyses but not in snow pit analyses, and therefore it is unknown which dispersal(s) the recovered microspheres are associated. The mean of each group was calculated for each of the five time periods and a t test was employed to assess whether the two group means were statistically different at the 0.05 level of significance. These results are shown in Table 2 missing horizons; however, only the 72 and 96 hour averaging periods have differences which are statistically significant. These results on the fate of newly deposited microspheres also offer insights into the mobility of snow grains after snowfall events, in that high wind speeds (exceeding the saltation threshold) occurring during a period -4 days after new precipitation causes significant downwind transport of snow grains. If wind speeds remain low during this period, the new precipitation has a chance to age sufficiently and become resistant to wind erosion. Sipre snow cores were extracted. These cores were cut into 156 samples 3 to 4 cm in length and analyzed for microspheres and snow density. The percentage of core sections which were found to have microspheres or shards was 20.5%. This much larger recovery fraction compared to the cuvette samples is due to the greater volume of snow analyzed (by a factor of-40); however, the vertical resolution is reduced and the uncertainty in the vertical position is increased.
Snow Horizon Dating
A "snap shot" of snow accumulation variability was determined for each study period at each site based on the depth of the glass shards scattered over the dispersal area at the start of the period, several snow stakes positioned around the dispersal area and the AWS snow depth gauge ( For a more detailed look at the snow accumulation process within the dispersal area, the microsphere horizons identified in the snow pits were used. Assigning dates to microsphere horizons identified is not a simple process, since not all microsphere horizons are found during snow pit sampling (even though they might be found during the snow core survey) and the local snow surface height can vary by several centimeters due to the intermittent presence of surface features (e.g., ripples and sastrugi). Therefore horizons of the same microsphere color found at slightly different depths in two different snow pit profiles are not necessarily from different dispersal events, and conversely, the same color microspheres found at roughly the same depth might actually be from different dispersal events. To overcome this inherent uncertainty in dating microsphere horizons, the vertical snow density distribution and the depth of visually observed ice layers were used to normalize the depth of microsphere horizons to a reference snow pit profile. The primary consideration in choosing the reference profile was identification of the glass shard horizon indicating the start of the survey period, but if this horizon was not identified at the site, the profile with the greatest number of identified microsphere horizons was designated as the reference profile. No attempt was made to match an entire accumulation profile with the reference profile since local accumulation is often influenced by formation and movement of surface features resulting in different relative accumulation rates throughout the study period.
A good example of how microsphere data from several snow pit profiles can be normalized, and how variation in accumulation rates during the year can be identified at two nearby locations (-4 m apart), is given by Figure 6 rates. In addition, no consistent relationship was found between mass accumulation rate and mean wind speed for the integration periods, implying that high wind speeds do not necessarily reduce the mass accumulation rate in areas with an unlimited upwind supply of mobile snow grains. Differences in the mass accumulation rates at the two sites are more likely governed by differences in the mesoscale precipitation patterns associated with storms moving through the area. The microsphere horizons and corresponding snow density profile provide an opportunity to relate snow surface height measured by an ultrasonic snow depth gauge with actual mass accumulation rates for individual periods. Data have already been presented showing that snow surface height changes at the snow depth gauge are in good agreement with snow surface height changes at the microsphere dispersal area. To obtain mass accumulation rate from a snow surface height change, a snow density profile must be either known, modeled or assumed. In this case the snow density profile is known at the microsphere dispersal site, and this same profile is assumed for the snow depth gauge site. Two characteristically different snow accumulation periods are examined in Table 4 November 2, 1995) is a period with a small snow depth change. The length of time covered by both periods allows short-term fluctuations in the snow surface height to be ignored. During the first period the microsphere-derived snow depth change was observed to be 4.6 cm less than that measured by the snow depth gauge, and if the same mean snow density for these layers is assumed, the mass accumulation rate for this period is overestimated by 34%. During the second period, microsphere derived snow depth change was observed to be 3.3 cm greater than that measured by the snow depth gauge, indicating the snow depth gauge underpredicted the mass accumulation rate for this period by 375%. The primary cause of both the overestimations and the underestimations of mass accumulation by the snow depth gauge is the inability of this instrument to identify when decreases in snow surface height caused by densification and metamorphosis of the snow profile are being offset by the accumulation of new precipitation and/or wind-blown snow.
Conclusion
The aim of this research has been to quantity snow accumulation in two windswept ice shelf locations in Antarctica with good time resolution. To accomplish this, a newly developed instrument was used which dispersed colored glass microspheres at fixed intervals to act as time markers Weighted mean mass accumulation rates calculated for the two sites showed that Ferrell, with higher overall wind speeds, had the largest accumulation rate. However, the difference in the weighted mean mass accumulation rates was not statistically significant at the 5% level of significance. These results go against the conventional wisdom that the magnitude of the accumulation is generally inversely related to the wind speed magnitude, but additional data to improve statistical confidence are needed to settle this issue. One possible explanation of these results is that the sites have a virtually unlimited upwind supply of erodible snow which replaces snow eroded from the site and that observed accumulation differences are due mainly to differences in mesoscale precipitation patterns affecting the sites. Another important question which should be examined in future research is the effect of even stronger winds on local snow accumulation rate. Over shorter 2 and 4 week integration periods the mass accumulation is highly variable ranging from 0 for periods of either no precipitation or wind erosion to more than 2.0 kg m -2 d -1 (Ferrell) for a period associated with one or more significant precipitation events. For these shorter periods, no strong correlation between mean wind speed and mass accumulation rate was found, although this analysis with larger data sets is ongoing. In addition, no consistent seasonal trend of mass accumulation was identified in this data set, which is surprising given the influence of sea ice development and retreat on cyclonic storm trajectories. Additional data are needed to confirm this finding as well, but these results point to a large role that wind-blown snow plays in overall net accumulation on the Ross Ice Shelf.
The performance of the ultrasonic snow depth gauge has been assessed using nearby precipitation observations and microsphere-derived snow mass accumulation rates. While most of the snow accumulation events identified by the snow depth gauge were associated with an observed precipitation event, less than half of the observed precipitation events were identified by the snow depth gauge. Although localized precipitation events could explain some of these missed events, high winds accompanying most of the precipitation events likely limited snow accumulation and mask the precipitation event. These results illustrate the limitations of using snow gauge data to identify precipitation events. In addition, snow depth gauge data were shown to significantly over (under) state snow accumulation rates independently determined using microspheres during periods with large (small) precipitation inputs. This is attributed to the inability of the instrument to identify when decreases in snow surface height caused by densification and metamorphosis of the snow profile are being offset by snow accumulation.
